temperate zones of the world (Brandenburg et al. 1981) . As carrot has cross-and insect-mediated-pollination characteristics (Borthwick and Emsweller 1933; Thompson 1962) , its pattern of gene flow is possibly complicated. Therefore, gene flow in carrot would be one of the worst cases, and carrot should be a model plant appropriate for investigating the effects of gene flow from GM crops on the gene diversity of the wild relative in the field. In this article, we investigated the population density of wild carrot and the behaviors of its pollinators, and established molecular markers for distinguishing wild carrot from cultivated varieties. We also made hybrids between wild and cultivated carrots and observed their growth. This study will be a model for predicting the effects of gene flow.
Characteristics of wild carrot
Carrot has wild relatives called wild carrot. Leaves and flowers of wild carrot resemble those of cultivated ones but the taproot of wild carrot is thin and white ( Figure 3 ). Wild carrot has been known in Western countries as a weed and researched from the view point of weed (Georgia 1914; Frankton 1970; Sylwester 1960; Stachler and Kells 1997; Stachler et al. 2000) . Although wild carrot is a common plant found in various areas of the world, little is known about the plant.
In Hokkaido, Japan, wild carrot growing in the wild was first collected in 1968 (Specimen of the Hokkaido University Museum). In 35 years, the wild carrot spread over almost the entire Hokkaido. Distribution of wild carrot in Oshima Peninsula, the southernmost peninsula of Hokkaido, was investigated in detail ( Figure 2A ). In Oshima Peninsula, there were several big populations of wild carrot, especially along roads near the coast ( Figure  2B ) and in sunny wasteland ( Figure 2C ), where other plants were difficult to grow. Conversely, no big populations of wild carrot were seen in thickly weeded areas, such as on mountainsides.
Using a big population of wild carrot in Matsumae (41°25ЈN, 140°4ЈE), we investigated the transition of population from 2003 to 2004 (Eguchi et al. 2004) . In shaded areas, the population density sharply decreased within a year. On the other hand, the population increased in sunny places. Flowering rate was also higher in the sunny places than in the shade. The correlation between light intensity and population density was investigated by analyzing the growth rate of wild carrot under different illumination conditions (Eguchi et al. 2004 ). Although germination rate was similar in all conditions, seedlings grown under reduced illumination developed less and shorter leaves than those grown under high illumination.
These results demonstrate that wild carrot prefers sunny areas and areas disturbed by human activities. Therefore, wild carrot has rapidly expanded their habitat in wasteland within two years. In case of carrot, the effects of gene flow from GM plants to their wild relatives are probably very large and should not be ignored. 
Characteristics of hybrid between wild and cultivated carrot
Cultivated carrot and wild carrot can hybridize with each other (Wijnheijmer et al. 1989) . We obtained hybrids between wild and cultivated carrots (cv. USHarumakigosun) by reciprocal crossing. The hybrids showed characteristic taproots, which were yellowish and intermediate of the wild and cultivated carrots in thickness ( Figure 3A) .
The contents of a-and b-carotene in the leaves and taproots of cultivated carrot, wild carrot and the hybrid were quantified by HPLC ( Figure 3B, C) . In the leaves, the cultivated carrot contained less b-carotene than the wild carrot and the hybrid ( Figure 3B ). On the other hand, almost no a-carotene was detected in the leaves of the wild carrot and the hybrid. Although the total carotene contents in the leaves were similar in all of them, carotene was not detected in the taproots of the wild carrot, and the amount of b-carotene in the taproot of the hybrid was small ( Figure 3C ).
To examine whether the cultivated carrot and the hybrid can grow in sunny wasteland or not, seeds of cultivated carrot, wild carrot, and the hybrid were sown in a field (in Matsumae, Hokkaido) where wild carrots grow naturally (data not shown). Seeds of cultivated carrot could germinate as well as those of the others, but the seedlings could not survive because they could not grow roots to penetrate into the firm soil. On the other hand, the seedlings of the hybrid grew and flowered as well as the wild carrot. These results showed that the nature of the hybrid was closer to that of wild carrot than that of cultivated carrot. We concluded that the hybrids could survive and hybridize with wild carrot.
Estimating the distance of gene flow
The distance of gene flow can be estimated from data of pollen viability and by simulating pollinator behaviors. Viability of wild carrot pollen is investigated by double staining with fluorescein diacetate and propidium iodide (Eguchi et al. 2004 ). The viability of wild carrot pollen decreased as time passed. Especially during the first 12 h, it decreased sharply from 100% to 50%. In 10 days after the collection of pollen, it became completely 0%. Thus, the lifetime of these pollens is likely to be shorter than 10 days.
The pollination efficiency and pollinators of carrot have long been investigated from the viewpoint of breeding (Hawthorn et al. 1956; Hawthorn et al. 1960; Bohart and Nye 1960; Peterson and Simon 1986) . Although pollination distance has been investigated (Galuszka et al. 1989; Koga and Namai 2001) , these studies were conducted in fields of only several square meters. Studies need to be conducted in fields larger than these to estimate the extent of gene flow. Yasumatsu and Lasius japonicus L., of which. hoverflies and bees accounted for the majority. Among them, a kind of hoverfly, Eristalis tenax L. (Figure 4A ), visited wild carrot flowers most frequently.
Based on the behavior of Eristalis tenax L., the maximum distance of pollination was calculated using the HF ver. 2.1, which is a program developed by Dr. Toquenaga, University of Tsukuba ( Figure 4B ). Assuming that insects are active during 12 h a day in summer, E. tenax could have traveled 20-60 m per day ( Figure 4C ). Therefore, in a period of 10 days, which is longer than the lifetime of these pollens, the insects could have transported pollens over a distance not longer than 600 m. This is just a mere example because this estimation is only for Eristalis tenax L. Still, the results provide some clues to control gene flows from GM crops to their wild relatives. For example, this approach will be effective to decide the width of buffer zones for trapping pollinators that visited GM crops and prevent pollens from being scattered to wild populations.
Dispersal of seeds can also be a mean of gene flow. Carrot seeds are small and covered with prickles ( Figure  5A ). Because of the shape, wild carrot seeds are possibly transported by both wind and animals. Scattering of seeds by wind was investigated using the average wind velocity in September in Matsumae, Hokkaido. The seeds were found to be scattered over a distance not longer than 3.0 m under the artificial condition of wind velocity of 3 m sec Ϫ1 ( Figure 5B ). This result agrees with the spread of recently transplanted wild carrot near the Gene Research Center, University of Tsukuba, Japan. In this area, most wild carrots flowered within several meters from their maternal plants. However, some wild carrots were found as far as over 10 meters from their maternal plants. In two years, some wild carrot individuals were found ca. 100 m away from the original area ( Figure 5C ). Animals and passengers may have carried the seeds because they were found along passages. Because of the seed shape, carrot seeds should be easily carried far by animals. As in the other plants, the distance over which seeds are scattered should differ depending on scattering medium. Therefore, the scattering mechanisms should be investigated for each plant species. This approach was useful for estimating the flow of genes but could not determine the actual distance of gene flow. Yellow taproot of the hybrid is a useful morphological marker ( Figure 3A ), but gene marker should be a more effective marker for monitoring the flow of genes.
Construction of gene marker to distinguish wild from cultivated carrot
To investigate the effects of gene flow from cultivated carrot on the gene diversity of its wild relatives, gene marker for distinguishing wild from cultivated carrots needs to be constructed. Gene markers have been searched for using various approaches. RAPD analysis is a most handy method used for plants in general (Welsh and McClelland 1990; Williams et al. 1990 ). Although some primers were reported to be useful in carrot (Nakajima et al. 1998 ), we could not obtain clear results that distinguished wild from cultivated carrots (data not shown). Moreover, the reproducibility of each fragment was low. RAPD, which has low sensitivity, should be not suitable for interspecies comparison Microsatellite is also widely used to research gene flow since it has a co-dominant trait. We amplified and sequenced twenty-two microsatellite loci (developed at http://www.uga.edu/srel/Msat_Devmt/Microsatelliteshome.htm). Each microsatellite sequence was compared between wild and cultivated carrots (data not shown). In all microsatellite loci, the length was inconsistent. Microsatellites of the wild carrot were more diverse than those of cultivated carrot. Because most microsatellite loci exist in introns, they are prone to mutations. Therefore, microsatellite markers are suitable for investigating relatively uniform populations such as woody plants (Chase et al. 1996; Streiff et al. 1999; Miyazaki et al. 2000; Isagi et al. 2000) , but unsuitable for plants that have highly variable genome, such as carrot.
Another candidate marker is Y 2 locus, which controls the carotene accumulation in the root xylem core (Buishand and Gabelman 1979; Simon 1996) and was mapped using AFLP (Braden et al. 1998) . Braden et al. also designed primer pairs that can detect the differences in sequence between carrots whose xylem core is yellow and red. Using these primers, we compared the Y 2 loci of wild carrot and cultivated carrot (cv. Kurodagosun) that has red xylem core. However, we found that the sequences were completely identical between wild carrot and Kurodagosun (data not shown).
The most remarkable difference between wild and cultivated carrot was the color of taproot ( Figure 3A) . Cultivated carrot contains high levels of carotene in taproot while the wild carrot has none. It has been reported that the sequences of genes that are involved in carotenoid biosynthesis were different between carrots that contain different levels of carotene (Lipinski et al. 2002) . Therefore, three carrot genes, which are involved in carotenoid synthesis, phytoene synthase (PSY), lycopene e-cyclase (LCYB) and lycopene e-cyclase (LCYE), were investigated.
In a fragment amplified with primer PSY-847F and PSY-1356R, AvaI site was reported only in wild carrot (Lipinski et al. 2002) . However, our result of AvaI digestion showed no consistency (data not shown). Some wild carrots had AvaI restriction site and the others didn't. Therefore, this fragment was impossible to distinguish wild from cultivated carrots by the band pattern of electrophoresis.
It was also reported that the LCYB allele of highcarotene carrot was restricted by TaqI (Lipinski et al. 2002) . However, in both high-and low-carotene groups, some LCYB fragments were restricted and others were not (data not shown). Therefore, it was again impossible to distinguish wild from cultivated carrot by the band pattern of electrophoresis. Besides, except for the restriction sites, there was no difference in the sequence of LCYB between the wild and cultivated carrots. As in LCYE, the sequence was completely identical between the wild and cultivated carrots (data not shown).
We investigated the three genes, which are involved in carotenoid biosynthesis, PSY, LCYB, and LCYE, and compared the Y 2 loci, but no difference was found between wild and cultivated carrots. Therefore, we concluded that the reported results (Braden et al. 1998; Lipinski et al. 2002) are true only for specific varieties investigated by the researchers.
The big difference in a-carotene content between the wild, hybrid and cultivated carrots was a likely promising clue for finding useful gene markers (Figure 3) . Transcription factors that are possibly in charge of controlling the expression of LCYE are a candidate marker. In order to identify genes that control carotene content in taproot, further analysis is needed such as on the expression of these genes and downstream/upstream products of carotene.
We also tested AFLP analysis using the 30 AFLP primer combinations that can produce polymorphic bands in carrot (Shim et al. 2000) . Fragments obtained by AFLP were scored as present (1) or absent (0) and recorded in a data matrix (Table 1) . A parameter of gene diversity, heterozygosity was calculated following Nei's heterozygosity (1973) using POPGENE software (available at URL https://www.unalberta.ca/ϳfyeh). Ten AFLP primer combinations were used to analyze the gene diversity of wild and cultivated carrots, and 997 reproducible bands were produced. Among them, 979 bands (98.2%) were polymorphic. The number of polymorphic bands varied from 69 to 209 per one primer set. The numbers of bands in wild and cultivated carrots were 73.1 and 78.8 on average, respectively. The percentage of polymorphic bands obtained from cultivated carrot (90.9%) was almost same as that of wild carrot (90.1%). Heterozygosity of cultivated carrot was 0.236, and was smaller than that of wild carrot, 0.250.
From a primer set of E-AGG/M-CTG, fragments that can highly distinguish wild from cultivated carrot were obtained (Table 1) . Fragments ranging from 450 bp to 500 bp in length were found only but in 95% of the cultivated carrots, and a 550 bp fragment was detected only in wild carrot. A 457 bp fragment from paternal cultivated carrot was found in 50% of the hybrid. A 550 bp fragment from the maternal wild carrot was observed in 30% of the hybrid.
In AFLP analysis, specific fragments that could distinguish wild from cultivated carrot were found. AFLP, which has high sensitivity, was found to be useful to examine differences between populations of a same species. However, AFLP markers have dominant traits and were difficult to trace through all the hybrids. Therefore, we should also find co-dominant markers in addition to these AFLP markers.
This series of studies showed that gene flow from GM carrots has effects that cannot be ignored on the gene Table 1 . An example of AFLP fragment data of a primer set of E-AGG/M-CTG. * C and W denote cultivated and wild carrot, respectively. 0 and 1 show the absence and presence of the fragment, respectively. 283 bp fragment was common in the wild and cultivated carrots. 550 bp and 454-495 bp fragments were specific to the wild and cultivated carrots, respectively. diversity of their wild relatives. AFLP analysis revealed that carrots, even cultivated varieties, have extremely wide gene diversity compared to other plants. For example, Arabidopsis thaliana has a heterozygosity of only 0.135, and its proportion of polymorphic band is only 60% (Jogensen et al. 2004) . From all the studies carried out in this work, including those on population density, pollination distance, and seed scattering, gene flow seems to occur between populations of wild carrot. In order to prove it, further studies on gene diversity of various populations are needed.
Conclusion
In this study, various traits of wild carrot were revealed. However, the study could not reveal the effects of gene flow from GM crops to their wild relatives. Actually, some transgenes of GM crops, such as insect-resistance, give ecologically superior traits to the plants, and hybrids between GM crops and their wild relatives possibly become advantageous over wild plants, driving away the wild relatives and other plants and causing gene diversity to be lost. After all, the ecological superiority of each transgene in each plant needs to be investigated.
The best way to investigate the environmental effects might be growing GM crops. However, there are no GM crops suitable for environmental studies in Japan. Therefore, an experimental system that can monitor transitions in gene diversity by introgression should be constructed using carrot. This monitoring system will be an effective model for predicting the effect of GM crops on their wild relatives and will contribute to the construction of a guideline for assessing environmental effects of GM crops.
